Abstract Robert Engle's celebrated article that introduced the concept of autoregressive conditional heteroskedasticity (ARCH) included an application to UK inflation, 1958-77. This paper updates the estimation of his model and investigates its stability in the light of the well documented changes in policy towards inflation, 1958-2006. A simple autoregressive model with structural breaks in mean and variance, constant within subperiods (and with no unit roots), provides a preferred representation of the observed heteroskedasticity. Several measures of inflation forecast uncertainty are presented; these illustrate the difficulties presented by instability, not only for point forecasts but also, receiving increased attention nowadays, their uncertainty. Keywords Inflation; autoregressive conditional heteroskedasticity (ARCH); structural breaks; forecast uncertainty; United Kingdom; monetary policy *Corresponding author [K.F.Wallis@warwick.ac.uk] 1
INTRODUCTION
Introducing the autoregressive conditional heteroskedastic (ARCH) process in his celebrated article in Econometrica in July 1982, Robert Engle observed that the ARCH regression model "has a variety of characteristics which make it attractive for econometric applications" (p.989). He noted in particular that "econometric forecasters have found that their ability to predict the future varies from one period to another," citing the recognition by McNees (1979, p.52 ) that "the inherent uncertainty or randomness associated with different forecast periods seems to vary widely over time," and McNees's finding that "the 'large' and 'small' errors tend to cluster together" (p.49). McNees had examined the track record of the quarterly macroeconomic forecasts published by five forecasting groups in the United States over the 1970s. He found that, for inflation, the median one-year-ahead forecast persistently underpredicted the annual inflation rate from mid-1972 to mid-1975 , with the absolute forecast error exceeding four percentage points for five successive quarters in this period; outside this period forecast errors were more moderate, and changed sign from time to time, though serial correlation remained. Engle's article presented an application of the ARCH regression model to inflation in the United Kingdom over the period 1958-77, which included the inflationary explosion of 1974-75, whose magnitude had likewise been unanticipated by UK forecasters (Wallis, 1989) . In both countries this "Great Inflation" is now seen as an exceptional episode, and the transition to the "Great Moderation" has been much studied in recent years. How this has interacted with developments in the analysis of inflation volatility and the treatment of inflation forecast uncertainty is the subject of this paper.
The quarter-century since the publication of ARCH has seen widespread application in macroeconomics of the basic model and its various extensions -GARCH, GARCH-M, EGARCH … -not to mention the proliferation of applications in finance of these and related models under the heading of stochastic volatility, whose precursors predate ARCH (Shephard, 2007) . There has also been substantial development in the measurement and reporting of inflation forecast uncertainty (Wallis, 2008) . Since 1996 the National Institute of Economic and Social Research (NIESR) and the Bank of England have published not only point forecasts but also density forecasts of UK inflation, the latter in the form of the famous fan chart. Simultaneously in 1996 the Bank initiated its Survey of External Forecasters, analogous to the long-running US Survey of Professional Forecasters; based on the responses it publishes quarterly survey average density forecasts of inflation in its Inflation Report.
Finally the last quarter-century has seen substantial development of the econometrics of structural breaks and regime switches, perhaps driven by and certainly relevant to the macroeconomic experience of the period.
These methods have been applied in a range of models to document the decline in persistence and volatility of key macroeconomic aggregates in the United States, where the main break is usually located in the early 1980s. Interpretation has been less straightforward, however, especially with respect to inflation, since "it has proved hard to reach agreement on what monetary regimes were in place in the US and indeed whether there was ever any change at all (except briefly at the start of the 1980s with the experiment in the control of bank reserves)" (Meenagh, Minford, Nowell, Sofat and Srinivasan, 2007) . Although the corresponding UK literature is smaller in volume, it has the advantage that the various changes in policy towards inflation are well documented, which Meenagh et al. and other authors have been able to exploit. Using models in this way accords with the earlier view of Nerlove (1965) , while studying econometric models of the UK economy, that model building, in addition to the traditional purposes of forecasting and policy analysis, can be described as a way of writing economic history. The modelling approach and the traditional approach to economic history each have limitations, but a judicious blend of the two can be beneficial. At the same time there can be tensions between the ex post and ex ante uses of the model, as discussed below.
The rest of this paper is organised as follows. Section 2 contains a brief review of UK inflationary experience and the associated policy environment (s), 1958-2006 , in the light of the literature alluded to in the previous paragraph. Section 3 returns to Engle's original ARCH regression model, and examines its behaviour over the extended period. Section 4 turns to a fuller investigation of the nature of the nonstationarity of inflation, preferring a model with structural breaks, stationary within subperiods. Section 5 considers a range of measures of inflation forecast uncertainty, from these models and other UK sources. Section 6 considers the association between uncertainty and the level of inflation, first mooted in Milton Friedman's Nobel lecture. Section 7 concludes.
UK INFLATION AND THE POLICY ENVIRONMENT
Measures of inflation based on the Retail Prices Index (RPI) are plotted in Figure 1 , using quarterly data, 1958-2006 . We believe that this is the price index used by Engle (1982) , although the internationally more standard term, "consumer price index", is used in his text;
in common with most time-series econometricians, he defined inflation as the first difference of the log of the quarterly index. In 1975 mortgage interest payments were introduced into the RPI to represent owner-occupiers' housing costs, replacing a rental equivalent approach, and a variant index excluding mortgage interest payments (RPIX) also came into use. This became the explicit target of the inflation targeting policy initiated in October 1992, since it removed a component of the all-items RPI that reflected movements in the policy instrument.
In December 2003 the official target was changed to the Harmonised Index of Consumer Prices, constructed on principles harmonised across member countries of the European Union and promptly relabelled CPI in the UK, while the all-items RPI continues in use in a range of indexation applications, including index-linked gilts. Neither of these indices, nor their variants, is ever revised after first publication. For policy purposes, and hence also in public discussion and practical forecasting, inflation is defined in terms of the annual percentage increase in the relevant index. We denote the "econometric" and "policy" measures of inflation respectively as 1 t p Δ and 4 t p Δ , where 1 i i L Δ = − with lag operator L, and p is the log of the quarterly index. The former, annualised (by multiplying by 4), is shown in the upper panel of Figure 1 ; the latter in the lower panel. It is seen that annual differencing removes the mild seasonality in the quarterly RPI, which is evident in the first-differenced series, and also much reduces short-term volatility.
Episodes of distinctly different inflationary experience are apparent in Figure 1 , and their identification in the context of different modelling exercises and their association with different approaches to macroeconomic policy have been studied in the UK literature mentioned above. Haldane and Quah (1999) consider the Phillips curve from the start of the original Phillips sample, 1861, to 1998. For the post-war period, with a specification in terms of price inflation (unlike the original Phillips curve specification in terms of wage inflation), they find distinctly different "curves" pre-and post-1980: at first the curve is "practically vertical; after 1980, the Phillips curve is practically horizontal" (p.266). Benati (2004) Study of a yet wider range of policymaker statements leads Nelson (2007) to conclude that the current inflation targeting regime is the result not of changed policymaker objectives, but rather of an "overhaul of doctrine", in particular a changed view of the transmission mechanism, with the divide between the "old" and "modern" eras falling in 1979. with statistical tests in a three-variable VAR model, finding general support for the existence of the breaks, although the estimated break dates are all later than those suggested by the narrative analysis. These reflect lags in the effect of policy on inflation and growth outcomes and, when policy regimes change, "there may well be a lag before agents' behaviour changes; this lag will be the longer when the regime change is not clearly communicated or its effects are not clearly understood" (p.6). Meenagh et al. suggest that this applies to the last two changes: the switch to exchange rate targeting in 1986, with a period of "shadowing the Deutsche Mark" preceding formal membership of the Exchange Rate Mechanism of the European Monetary System, was deliberately kept unannounced by the Treasury, while in 1992 inflation targeting was unfamiliar, with very little experience in other countries to draw on. Independent evidence on responses to later changes to the detail of the inflation targeting arrangements is presented in Section 5.
None of the research discussed above is cast in the framework of a regime switching model, of which a wide variety is available in the econometric literature. The brief account of five policy episodes in the previous paragraph makes it clear that there was no switching from one regime to another and back again; at each break point the old policy was replaced by something new. Likewise no regime switching models feature in the analysis presented below.
REESTIMATING THE ORIGINAL ARCH MODEL
The original ARCH regression model for UK inflation is (Engle, 1982 (Engle, , pp.1001 ( )
where p is the log of quarterly RPI and 1 t ψ − is the information set available at time 1
The wage variable used by Engle (in logs) in the real wage "error correction" term, namely an index of manual wage rates, was subsequently discontinued, and for consistency in all our reestimations we use the average earnings index, also used by Haldane and Quah (1999) . Over the last decade the time series plotted in Figures 1 and 3 These findings prompt more general questions about nonstationarity.
THE NONSTATIONARY BEHAVIOUR OF UK INFLATION
We undertake a fuller investigation of the nature of the nonstationarity of inflation, in the The impact of structural breaks on inference about unit roots over the full data period is assessed using the procedures of Zivot and Andrews (1992) We apply the testing procedure developed by Andrews (1993) , which treats the break dates as unknown. Confidence intervals for the estimated break dates are calculated by the method proposed by Bai (1997) 
we find three significant breaks in 0 β , but none in the remaining coefficients, at the following dates (95% confidence intervals in parentheses): 1972:3 (1970:3-1974:3) 1980:2 (1979:2-1981:2) 1990:4 (1987:4-1993:4) .
These are similar dates to those of the more general breaks identified by Benati (2004) , noted above, although in our case it is the date of the second break that is most precisely estimated.
Likewise our three break dates are close to the dates of the first three breaks estimated in the three-variable VAR of Meenagh et al. (2007, 
Again we find three significant breaks in 0 β , the first and third of which are accompanied by shifts in 1 β , the dates being as follows: A final note on outliers is perhaps in order, since several empirical researchers identify inflation outliers associated with the increase in Value Added Tax in 1979:3 and the introduction of Poll Tax in 1990:2, and deal with them accordingly. We simply report that none of the modelling exercises presented in this section is sensitive to changes in the treatment of these observations.
MEASURES OF INFLATION FORECAST UNCERTAINTY
Publication of the UK Government's short-term economic forecasts began on a regular basis in 1968. The 1975 Industry Act introduced a requirement for the Treasury to publish two forecasts each year, and to report their margins of error. The latter requirement was first met in December 1976, with the publication of a table of the mean absolute error (MAE) over the past ten years' forecasts of several variables, compiled in the early part of that period from internal, unpublished forecasts. Subsequently it became standard practice to include a column of MAEs in the forecast table -users could then easily form a forecast interval around the given point forecast, if they so wished -although in the 1980s and 1990s these were often accompanied by a warning that they had been computed over a period when the UK economy was more volatile than expected in the future. This publication practice continues to the present day.
We consider the RPI inflation forecasts described as "fourth quarter to fourth quarter" each quarterly survey concern forecasts for the last quarter of the current year and the following year, respectively, and for comparable year-ahead forecasts we take the responses to question 2 in the November surveys. For these forecasts our SEF average individual uncertainty measure is plotted in Figure 6 (a).
The general appearance of Figure 6 (a) has few surprises for the careful reader of the preceding sections. The period shown divides into two subperiods, the first with high and variable levels of forecast uncertainty, the second with low and stable levels of forecast uncertainty, where the different estimates lie within a relatively small range. The recent fall in the Treasury forecast standard error may be overdramatised by rounding, whereas the fall in SEF uncertainty is associated by Boero, Smith and Wallis (2008) context we must also wait to observe the outcome before having information relevant to the possibility of a break in uncertainty at the forecast origin. In a "pseudo real time" recursive experiment it is concluded that tests such as those used in Section 4 could have detected at the end of 1996 that a break in year-ahead forecast uncertainty had occurred in 1993:4. This is exactly the date of the most recent break identified by Meenagh et al. (2007) , and
Mitchell's estimate is that it would not have been recognised by statistical testing until three years later; in the meantime forecasters might have been able to make judgmental adjustments.
As an aside we discuss a recent inflation point forecast evaluation study in which the same issue arises. Groen, Kapetanios and Price (2008) compare the inflation forecasts published in the Bank of England's Inflation Report with those available in pseudo real time from a suite of statistical forecasting models. All of the latter are subject to possible breaks in mean, so following a breaks test, the identified break dates are used to demean the series prior to model estimation, then the statistical forecasts are the remeaned projections from the models. It is found that in no case does a statistical model outperform the published forecasts. The authors attribute the Bank forecasters' success to their ability to apply judgment in anticipating the important break, namely the change of regime in 1997:3
following Bank independence. As in Mitchell's study, the ex ante recursively estimated shift is not detected until three years later.
For Treasury forecasts, which started earlier, we can compare the ex ante uncertainty measures in Figure 6 (a) with the forecast root mean squared errors of year-ahead inflation forecasts reported by Melliss and Whittaker (2000) . Over subperiods, dated by forecast origin, these ex post measures are: 1979-1984, 2.3%; 1985-1992, 1.7%; 1993-1996, 0 .8%.
These are below, often substantially so, the values plotted in Figure 6 (a), with the exception of the 1990 and 1992 forecasts, again illustrating the difficulty of projecting from past to future in times of change.
In the absence of direct measures of uncertainty it is often suggested that a measure of disagreement among several competing point forecasts may serve as a useful proxy. How useful such a proxy might be can be checked when both measures are available, and there is a literature based on the US Survey of Professional Forecasters that investigates this question, going back to Zarnowitz and Lambros (1987) . However recent research on the SPF data that brings the sample up to date and studies the robustness of previous findings to the choice of measures finds little support for the proposition that disagreement is a useful proxy for uncertainty (Rich and Tracy, 2006, for example) . In the present context we provide a visual illustration of this lack of support by plotting in Figure 6 (Boero, Smith and Wallis, 2008) . Other than a slight downward drift, neither series shows any systematic pattern of variation, nor any correlation of interest with the uncertainty measures. We attribute the lower standard deviation in the SEF to the Bank's care in selecting a well-informed sample, whereas the Treasury publication is all-encompassing.
UNCERTAINTY AND THE LEVEL OF INFLATION
The suggestion by Friedman (1977) that the level and uncertainty of inflation are positively correlated has spawned a large literature, both theoretical and empirical. Simple evidence of such an association is provided by our breaks model where, using Benati's (2004) characterisation of the four subperiods as a period of high inflation and inflation variability, a period of low inflation and inflation variability, and two "in-between" periods, we note that Two leading examples in the empirical literature, on which we draw, are the articles by Baillie, Chung and Tieslau (1996) and Grier and Perry (2000) , in which various extensions of the GARCH-in-mean (GARCH-M) model are developed in order to formalise and further investigate Friedman's proposition. The first authors analyse inflation in ten countries, the second authors analyse inflation and GDP growth in the US, including subsample analyses.
Of particular relevance for the present purpose is the inclusion of the conditional variance (or standard deviation) in the inflation equation and, simultaneously, lagged inflation in the conditional variance equation. Then, with a GARCH representation of conditional heteroskedasticity, the model is α in equation (6). All of these statements apply to each half-sample, however further division reveals the fragility of the significance of 2 δ . As a final test we return to the breaks model of Section 4 and add the conditional standard deviation in mean and lagged inflation in variance effects. Equivalently, we allow the separate intercept terms in equations (5) and (6) More elaborate models are not able to take us much beyond Friedman's simple association between the first and second moments of inflation, as reflected in the shifts of our preferred model. proved especially useful for modelling the volatility of asset returns, and the resulting volatility forecasts can be used to price financial derivatives and to assess changes over time in the risk of holding financial assets. Today, measures and forecasts of volatility are a core component of financial econometrics, and the ARCH model and its descendants are the workhorse tools for modelling volatility" (Stock and Watson, 2007, p.657) . His initial application was in macroeconometrics, however, and reflected his location in the United Kingdom at the time. This paper returns to his study of UK inflation in the light of the welldocumented changes in economic policy from his original sample period to the present time.
CONCLUSION
Investigation of the stability of the ARCH regression model of UK inflation shows that little support for the existence of the ARCH effect would be obtained in a sample period starting later than 1980; data from the earlier period of "monetary policy neglect" (Nelson and Nikolov, 2004 ) are necessary to support Engle's formulation. Fuller investigation of the nature of the nonstationarity of inflation finds that a simple autoregressive model with structural breaks in mean and variance, constant within subperiods (and with no unit roots), provides a preferred representation of the observed heteroskedasticity from an economic historian's point of view. As noted at the outset, however, the ARCH model has a strong forecasting motivation, and forecasters using the breaks model need to anticipate future breaks. Nevertheless the shifts also provide a simple characterisation of the association between the level and uncertainty of inflation suggested by Friedman (1977) , which more elaborate models of possible feedbacks are unable to improve upon.
The United Kingdom can claim several firsts in the measurement and public discussion of the uncertainty surrounding economic forecasts by official agencies, and we present a range of measures of inflation forecast uncertainty, from the models considered here and from other UK sources. The few available evaluations of their accuracy indicate that the well-known problems of projecting from past to future in times of change apply equally well to measures of uncertainty as to point forecasts. While the paper reemphasises the importance of testing the structural stability of econometric relationships, it also acknowledges the difficulty of dealing with instability in a forecast context, for both the levels of variables of interest and, receiving more attention nowadays, their uncertainty. 1970 1975 1980 1985 1990 1995 2000 2005 
